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© System of detecting and measuring sulfides in a sample. 



© A method for determining the amount of sulfide in a sample includes dissolving the sample in an acidic 
solution (101) and liberating the gas from the solution containing the dissolved sample. The gas liberated from 
the solut.on .s then sensed for the presence of hydrogen sulfide therein. The sensing of the liberated gas for the 
presence of hydrogen sulfide may be accomplished by exposing a sensor (19.300,405,421) to the liberated gas 
and detecting a change in a physical property of the sensor. If hydrochloric or hydrobromic acid is used as the 
acidic solution, an electrochemical sensor (300) or a metal oxide solid state sensor (19) may be used to sense 
for the presence of hydrogen sulfide. If hydroiodic acid is used as the acidic solution, a metal oxide solid state 
sensor (19) may be used to sense the presence of hydrogen sulfide gas in the liberated gas. This technique of 
measuring the amount of sulfide by sensing the gas liberated from the solution using an electrochemical or 
metal oxide sensor provides high precision measurements of the concentration of sulfide in the sample 
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The pr sence of sulfides in c rtain chemical processes may cause undesirable chemical reactions 
which adversely affect the desired process. For example, when silver halide is used for imaging purposes 
s v,a the interaction of light with silver halide grains, sulfide, from metal sulfides, will react with silver halide to 
form stiver sulf.de. The reaction of the silver halide decreases the amount of silver halide grains available to 
interact with light. Therefore, it is necessary to minimize the amount of sulfide in materials used in 
photographic film and paper manufacturing as well as other processes. 

,n order t° minimize the presence of sulfides, it is necessary to detect and measure their concentration 
,o Current analytical methods for the determination of sulfide focus on solutions of uncomplexed. or unbound 
sulfide ion. Common techniques, such as volumetric titrations with Cd(ll) or Pb(ll). determine sulfide 
concentrations down to the 1mM range, while direct potentiometry with an Ag 2 S ion selective electrode has 
been employed for sulfide ion concentrations from 1mM to 10-6 M , and catnodic strj voltamrnetry can 
be used for concentrations below 10"' M. Unfortunately, these techniques will not determine the "total- 
is sulfide concentration i.e., the sum of ionic and bound sulfide. In other words, it can be inferred that if 
sulfide ion is detected by any of the above techniques, it is reasonable to assume that its concentration has 
exceeded the concentration of binding trace metal ions. Thus, to determine the total sulfide concentration 
one must account for the sulfide that is in the form of metal sulfides. 
,„ * *H «™«°nal sample preparation technique for the liberation of sulfide from common transition metal 

arid Zrt^ reaC r °l ^ SamP ' e " Hh min8ral aCid " SUCh 35 ny^ochloric acid (HC.) or hydroTooTc 
aad HI) Sulfides w.thin the sample will react with the acid to form hydrogen sulfide (H 2 S) which is 
.berated from the solution by flushing with an inert gas such as nitrogen. The .Lated hydrogen suSe is 
trapped by flowing the liberated gas through a buffer, such as a standard antioxidant buffer (SAOB) of P H = 
■s JLZJ dye , f ° rm J n . 9 so,ution - The buffer solution is then usually analyzed for sulfide content by 
« electrochemical techniques such as Cathodic Stripping Voltamrnetry (CSV). The dye solution is general 
analyzed for sulfide content by spectrophotometry. «*»uuon is generally 

One problem with conventional sulfide measurement techniques is that the recovery of sulfides may 

Tn n^ fK ,mPreC ' Se measurement results - Typically, the precision of results is between 10% and 20% 

I^Tk TT! ieS ° f a " bUt the CSV teChnique are l0w " The amount of su,fi de capable of being 
analyzed by spectrophotometry is generally greater than about 50 nanograms of sulfide per gram of sample 

^li-nX^^^ ^ inV6nti0n t0 Pr ° Vide 3 PredSe ^ aCCUrate ** 
Jt!^"^!?^ inVenti ° n t0 3 PredSe 3CCUrate teCh " iC - *" 

.„ lf l i K alSO w an ° bjeCt ° f the PreS6nt inventi0n t0 provide a P recise and accura te technique for measuring 
sulfide bound ,n a sample by metal ions and for measuring sulfide trapped in a complex matrix. meaSUrm9 

Summary of the Invention 

The aforementioned objects, features and advantages may be achieved by implementation of the 
inventive technique for determining the amount of sulfides in a sample P'ementat.on of the 

comprising: 3SPeCt ^ inVe " ti0n relat6S * * m9th0d ° f determinin 9 an *™»* °' sulfide in a sample 

dissolving the sample in an acidic solution; 
liberating hydrogen sulfide from the solution* 

-barS^SSSSrr S6nS0r " 3 meta ' ° Xide S0 ' id St3te "™ » the ^- 9 en su,fide 

quantifying a change in a physical property of the sensor 

T^ae^ZT^ tlT*^ Pr ° Perty °' e,ectrochemical P^erab. y comprises measuring 

frnm hf^ 7 T 8 Se " SOr - P re,erab| V b V mea "s of a potentiostat. Liberating hydrogen sulfide 

from the solution ,s preferably accomplished by sparging the solution with an inert gas. preferably nitrogen 
The gas may be presaturated by passing it through a gas washing bottle containing distilled water 
huH^T ^"H 15 a " electroche ™cal sensor, the sample may be dissolved in hydrobromic acid or 

ST'' a n . T ** S6nSOr iS 3 S °' id 51316 Sens0r ' the sam P' e ma V additional* be dissoS £ 
hyd oiodic acid. A preferred metal oxide solid state sensor is a tungsten oxide sensor 

comp an0ther aSP6Ct inVenti ° n ' ' ateS t0 3 m6th0d ° f measuri "9 the amount of sulfide in a sample 
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dissolving the sample in an acidic solution; 

liberating gas which evolves from the solution containing the dissolved sample; 

exposing the liberated gas to a tungsten oxide sensor capable of generating a signal when exposed to 
hydrogen sulfide gas; and 
5 measuring a signal from the sensor indicative of the level of hydrogen sulfide. 

A preferred sensor comprises a plurality of electrodes coated by: 
dissolving a compound chosen from the group consisting of: 

W [OOCCH (CH 2 ) 3 CH 3 ] 2 
CH 2 CH 3 

and CI0 3 W 3 (OOCR)2 wherein R is alkyl, alkenyl or aralkyl from 2 to 19 carbons, in a solvent to form a 
precursor solution; 

depositing the precursor solution on an electrode using a spin-coating device to form a thin film coating 
over the electrode; and 

heating the coated electrode so that the coating decomposes to tungsten oxide. 
A second preferred sensor comprises a plurality of electrodes coated by: 
dissolving a compound according to the formula: 

Na[OW(OOCR)]2 

wherein R is alkyl, alkenyl or aralkyl, from 2 to 19 carbons, in a solvent to form a precursor solution; 
depositing the precursor solution on an electrode using a spin-coating device to form a thin film coating 
over the electrode; and 

heating the coated electrode so that the coating decomposes to sodium tungsten oxide. 
In a further aspect the invention relates to an apparatus for measuring sulfide in a sample comprising: 

(a) a vessel containing an aqueous solution of a mineral acid; 

(b) an electrochemical sensor for measuring gaseous hydrogen sulfide; 

(c) a gas-carrying tube connecting the vessel, above the surface of the aqueous solution, to the 
electrochemical sensor; and 

(d) means for sparging an inert gas through the aqueous solution and into the electrochemical sensor. 
In a further aspect the invention relates to an apparatus for measuring sulfides in a sample comprising: 

(a) a vessel containing an aqueous solution of a mineral acid; 

(b) a metal oxide solid state sensor for measuring gaseous hydrogen sulfide; 

(c) a gas-carrying tube connecting the vessel, above the surface of the aqueous solution, to the metal 
oxide sensor; and 

(d) means for sparging an inert gas through the aqueous solution and into the metal oxide solid state 
sensor. 

A preferred apparatus of either type additionally comprises means for presaturating the inert gas with 
water. 

Brief Description of the Drawings 

The invention together with its objects, features and advantages will be better understood through 
-eonsideration-Qf-the-foIlowing-detailed-descriptionJn-conjunction_w 
numerals represent like elements, and in which: 

Figure 1 depicts a schematic representation of one embodiment the system of detecting or measuring 
50 sulfides in a sample in accordance with the present invention; 

Figure 2 depicts a schematic representation of a potentiostat used in the embodiment of the system of 
detecting or measuring sulfides in a sample in accordance with the present invention depicted in Figure 
1; 

Figure 3 depicts an electrochemical sensor useable to detect hydrogen sulfide and useable in the 
55 embodiment of the system of detecting or measuring sulfides in a sample in accordance with the present 
invention depicted in Figure 1; 

Figure 4 depicts a schematic representation of a second embodiment of a system of detecting and 
measuring sulfides in a sample in the presence of iodide in accordance with the present invention; 
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Figure 5 depicts a tungsten oxide solid state sensor useable in the embodiment of the system of 
detecting or measuring sulfides in a sample depicted in Figure 4; 

Figure 6 depicts a schematic repres ntation of the solid state sensor electronics useable in the syst m 
of detecting or measuring sulfides in a sample incorporating a sensor such as the tungsten oxide solid 
5 state sensor depicted in Figure 4; 

Figure 7 depicts a schematic representation of alternative sensor electronics useable in the system of 
detecting or measuring sulfides in a sample incorporating a sensor such as the tungsten oxide solid state 
sensor depicted in Figure 4; 

Figure 8 depicts a graphical representation of various current time curves indicative of the concentration 
io of sulfide in different samples; and 

Figure 9 depicts a graphical representation of the area under the current time curves in Figure 8 as a 
function of sulfide concentration level. 

Detailed Description 

75 

Referring to Figures 1 and 4, the system of determining the amount of sulfide in a sample includes an 
evolution chamber 1, a sensor manifold 2, a flow meter 4 and gas washing bottle 3. The apparatus is 
oriented such that an inert gas passes through the gas washing bottle where it is presaturated with water 
prior to entering the evolution chamber 1. The evolution chamber 1 contains an acidic solution with a 
20 dissolved sample of a composition to be tested for the presence of sulfides. Gas is liberated from the 
evolution chamber 1 and passes through the sensor manifold 2 where it is sensed by a sensor for the 
presence of hydrogen sulfide gas. 

Figure 1 depicts a schematic representation of one embodiment of the present invention; Figure 4 
depicts an alternative embodiment. The embodiment depicted in Figure 1 may be used to detect the 
25 presence of sulfides in a sample not containing iodide therein, or when an acidic solution used to dissolve 
the sample does not contain iodide. In these situations, a conventional electrochemical hydrogen sulfide 
sensor may be used and mounted within the sensor manifold 2, depicted in Figure 1 . In situations where 
the sample and/or acidic solution contains iodide (such as hydroiodic acid) then the embodiment of the 
invention depicted in the apparatus shown in Figure 4 should be used to detect and/or measure the level of 
30 hydrogen sulfide in the sample. In these situations, a metal oxide solid state sensor such as a tungsten 
oxide solid state sensor is mounted in the sensor manifold 2, depicted in Figure 4. 

Referring again to Figure 1, an evolution chamber 1 contains a non-iodic acidic solution 101 therein. At 
the inlet 7 of the evolution chamber, a conduit 5 connects to a gas washing bottle 3. At the outlet of the 
evolution chamber 1, a conduit 8 connects the sensor manifold 2 with the evolution chamber. The sensor 
35 manifold 2 houses a hydrogen sulfide sensor, not shown in Figure 1 but shown in detail in Figure 3. 
Referring again to Figure 1, a flow meter 4 is connected to the outlet conduit 9 of the sensor manifold to 
measure the flow of gas through the system. The entire system provides a network for gaseous flow. An 
inert gas enters the inlet 11 of a gas washing bottle where it is presaturated with water as is well known in 
the art. The presaturated inert gas then flows through conduit 5 to the evolution chamber inlet 7 where it 
40 sparges the acidic solution containing a dissolved sample of the composition being tested for sulfide 
content. 

The evolution chamber 1 contains an inlet orifice 14 wherein the acidic solution may be added. It is 
normally closed by stopper 16. The evolution chamber 1 also contains an optional second inlet orifice 15 
also normally sealed by septum 17. The inert gas which is sparged through the acidic solution 101 will 

45 contain hydrogen sulfide gas as a result of the reaction between the acidic solution and the sulfide present 
in the sample. The liberated gas will enter the sensor manifold 2, by passing through the conduit 8. A three- 
way stopcock (not shown) may be optionally interposed in conduit 8 to direct the flow of gas aside or to the 
sensor manifold 2, where the hydrogen sulfide electrochemical sensor will respond to the hydrogen sulfide 
gas. The electro-chemical reaction affects the voltage bias of the sensor. A change in voltage, or current, 

so across the sensor is therefore indicative of the presence and/or level of hydrogen sulfide gas contained in 
the liberated gas. After the gas flows through the sensor, it will exit the sensor manifold 8 via tube 9 and 
enter the flow meter 4 which measures the flow rate of the gas. The voltage or current across the sensor is 
measured by a potentiostat 5 which is connected to a graphical display 6. The display is capable of 
indicating, by graphical representation, the voltage or current across the sensor as a function of time. 

>5 A suitable evolution chamber is of the configuration shown in figures 1 and 4, having a fritted glass disc 
10 between the inlet area 7 and the body of the vessel 1. In addition the vessel has an optional s cond inlet 
orifice 15, which may be capped with a stopper 16 (not shown) or a septum cap 17 for th sealed 
introduction of samples. 
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The flow meter 4 may comprise any commercially available flow meter, such as those manufactured by 
Cole-Parmer, which are well known in the art. The sensor manifold 2 is of the type manufactured by City 
Technology, Ltd (London, UK) and is described in U.S. Patents 4,587,003, 4,633,704 and 4,406,770 with 
modifications as discussed below. 

The graphical display 6 may be any means which will measure voltage or current as a function of time 
including but not limited to, a two pen strip chart recorder. Other equivalent means such as an oscilloscope 
or digital computer which are well known in the art may be used. The gas washing bottle 3 may comprise 
any conventional gas washing systems which presaturate gas with water as are well known in the art. In the 
Figs. 1 and 4 it is shown as being constructed in similar fashion to the evolution chamber, but lacking orifice 
15. For use in the present invention, the water should be prefiltered for purity using a conventional filtering 
means such as a Milfi-Q filtration apparatus which purifies water by an anion exchange technique with 
activated charcoal filtering. 

The potentiostat 5 used to measure the sensor is shown in detail in Figure 2. A hydrogen sulfide sensor 
contact 201 is connected to the sensing (working) electrode of the hydrogen sulfide sensor while contact 
203 is connected to the sensor's reference electrode. The difference in potential between contact 201 and 
contact 203 should be 0.0 V. Contact 205 is connected to the counter electrode of the sensor. The 
potentiostat employs circuitry similar to that designed by City Technology Ltd of London, England which 
includes integrated circuit (IC) chips 207, 209 and 211. In this embodiment IC chip 207 is an OP-14EZ, chip 
209 is an OP-07EZ and chip 211 is an OP17EZ manufactured by Precision Monolithics, Inc. (Santa Clara, 
CA). Each of the resistors depicted in Figure 2 are £ watt ± 1% unless otherwise noted in Figure 2. The 
capacitance of capacitor 213 may vary depending upon the cut-off frequencies. The capacitance for each 
cut-off frequency in the particular embodiment described above is as follows: 



25 



O.mFat 28HZ 
1 UF at 2.8HZ 
2.2 UF at 1.3HZ 



3.3uFat0.86HZ 
4.7 UF 0.6HZ 
10 UF at0.28HZ 



Referring now to Figure 3, the components of the modified electrochemical hydrogen sulfide sensor 300 
30 are disclosed. The sensor is of the type manufactured by City Technology Ltd. (London, UK) with 
modifications. The sensor cell cover was replaced with a modified inlet cover 21 to allow effluent gas from 
the evolution chamber to enter and exit the sensor through a standard 14/20 taper 22. The effluent gas 
stream is saturated with water and HCI vapor. Therefore, to prevent condensation on the sensor working 
electrode 329, a Zytex® 0.254 mm thick porous Teflon disc 23 was inserted between the modified cell inlet 
35 cover 21 and the electrode compression device 24. The remaining parts of the cell were arranged as 
received from the manufacturer: O-ring 341, cell cavity for H2SO4 electrolyte 328 and Pyrex filter "wicks" 
317. 

The use of the system as depicted in Figure 1 is initiated by adding an acidic solution such as 
hydrochloric or hydrobromic acid to the evolution cell. An inert gas, preferably nitrogen, is flowed into the 
40 system via gas washing bottle inlet 11. The nitrogen is presaturated with purified water 102 in the gas 
washing bottle 3 before it enters the evolution chamber 1 at inlet 7 where it is sparged in the acidic solution. 
During sparging, liberated gas exits the evolution chamber 1 via the outlet conduit 8 and passes through the 
sensor manifold 2 and flow meter 4. The flow rate of nitrogen is controlled by an inlet valve (not shown) 
until a liberated gas flow rate of approximately 50 mL/min ± 5 mL/min is maintained as indicated by the flow 
45 meter 4. Once this flow rate has been obtained and the output voltage or current of the sensor, as 
measured by the potentiostat 5 and displayed via the graphical display 6, has established a steady state 
base line, the sample of the composition to be tested may be injected into the evolution chamber through 
septum 17. The sample should be added to the acidic solution quickly while the voltage and/or current 
measured by the potentiostat and displayed by the graphical display 6 is recorded. The recorded voltage or 
current is directly proportional to the amount of hydrogen sulfide present. The proportional relationships can 
be experimentally predetermined using samples having known sulfide concentration levels or some other 
suitable technique. 

Typically, a six molar hydrochloric solution about 28 mL or so in volume may be used in the evolution 
cell. The sample may be dissolved in purified water prior to insertion into the acidic solution. For example, 2 
grams of a sample composition dissolved in 10 mL of purified water can be added to the 28 mL of 6M 
hydrochloric acid. 

As the sample is added to the acidic solution of either hydrochloric or hydrobromic acid, the sulfides 
react with the acid to form hydrogen sulfide gas. The hydrogen sulfide gas is liberated from the acidic 
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solution by the inert gas (typically as prepurified 99.99999% nitrogen). The liberated gas including the 
hydrogen sulfide gas flows into the sensor manifold 2 and into the gas inlet port 309, shown in Figure 3, of 
the hydrogen sulfide sensor. The gas enters the gas inlet port 309 and encounters Teflon film 23. The gas 
diffuses through the film and contacts the platinum/carbon working electrode 329. At this electrode, water 
s vapor within the gas and hydrogen sulfide react according to the following equation: 

4H 2 0 + H 2 S - H2SO4 + 8H + + 8e" (1) 

At the counter electrode 315 of the sensor, oxygen reacts with the products of the above equation to form 
10 water according to the equation: 

0 2 + 4e~ + 4H + - 2H 2 0 (2) 

The overall reaction, as a combination of the above equations, is: 
H 2 S + 20 2 - H2SO4 (3) 
Test Results 
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Conditions and Parameters 


Acidic solution: 
Inert gas: 
Sample: 

Known sulfide content: 


28 mL of 6M HCI. 

N? @ 50 mL'min ± 10%. 

2 g i .t g NaCI dissolved in 10 mL purified H 2 0. 
60 ng S'/g NaCI. 



Using the above tabulated parameters, a test run of the system was conducted, a portion of a sodium 
chloride sample containing 60 nanograms of sulfide per gram of sodium chloride was dissolved in 10 mL of 
purified water and added to the evolulion cell while recording the current time curve on the graphical 
display. A first peak of the current time curve was recorded on the graphical display. Additional sulfide was 
added to the nondissolved portion of the sample to increase the total concentration of sulfide in the 
nondissolved sample. By adding additional sulfide using techniques well known in the art, this nondissolved 
sample contained 120 nanograms of sulfide per gram of NaCI. The higher concentration sample (i.e., the 
spike) containing the added sulfide was added to the evolution cell after the initial time current curve' had 
reached its original base line. The graphical display then again recorded a second peak of the current time 
curve. The concentration of sulfide in the first added sample was calculated by the following equation: 
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ng(ST)/g NaCl=r 
{tc \f E " (4) 



(ng(S~ spike) Ig NaCI) x (Area i pi ) 



(Area i 2 - Area 
"} 



(4) 



Where (ng (s" spike)/g NaCI) is the concentration of the additional added sulfide concentration, P, 
represents the first peak or time curve and P 2 represents the second peak or time curve. 

In quantifying the amount of sulfide in the sample, either a direct comparison method or standard 
addition method, each well known in the art. may be employed. The standard addition appears more 
accurate in the system of the invention. The standard addition method of quantification first requires that the 
concentration level of sulfide be linear with the peak area. Figure 8 depicts recorded current time curves for 
various known concentration levels, and Figure 9 depicts a plot of the peak area of the current time curves 
in Figure 8 as a function of concentration level. The results indicate that sulfide concentration is linear with 
the area under the current-time peak curve. The results from twelve replicate analyses (performed over a 
four-day period) by the gas-phase system employing standard addition of Na 2 S to an NaCI solution yielded 
a mean sulfide concentration of 63 ng/g with a standard deviation of 5.7 ng/g. The precision, expressed as 
the relative standard deviation, was 9.1%. 
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For practical purposes, the detection limit may be defined as the lowest concentration of sulfide yielding 
a peak whose amplitude is twice the amplitude of the background. With this definition we have determined 
that the detection limit for NaCI spiked with Na2S by the gas-phase sensor system was 10 ng/g. Typical 
calibration plots of peak area vs sulfide concentration have not included concentrations below 20 ng/g. 
5 These plots yield straight lines with correlation coefficients typically around 0.997 and intercepts very close 
to zero. 

Table 1 indicates three experimental runs for testing known samples containing 60 milligrams sulfide 
per gram NaCI by the standard addition method. 

10 Table 1 



Determination of S" in NaCI 


Sample 


ng S"7g NaCI (Standard) 


1 


52 


2 


60 


3 


63 


Average 


58 



Sulfide may also be detected and measured in the presence of other common salts. Solutions of NaBr, 
KBr, KCI, and (NHU^SCU containing Na2S are easily analyzed and yield detection limits of 15 - 20ng/g. 
(Solutions of (NH^SCU do not exhibit the recovery problems that the alkali salts do, and therefore, can be 
analyzed directly by CSV). Lead nitrate forms a precipitate, presumably PbCk, and yields poorly defined 
peaks and, ultimately, inaccurate results. Finally, waste water samples have been analyzed with the gas- 
phase sensor system yielding a detection limit of 1 ng/mL 

A significant feature of the apparatus of the invention, and a major factor in its precision and accuracy, 
is the location of the H2S gas sensor in close operational proximity to the site at which the H2S is 
generated. The apparatus of the art, using H2S capture in solution, does not exhibit this particularly 
advantageous configuration. 

If the acidic solution, used in the evolution chamber to react with the sample containing sulfides, 
contains iodides (i.e., hydroiodic acid), or if the test sample contains iodide, then the system depicted in 
Figure 4 must be used to measure sulfide levels. 

Figure 4 depicts a system incorporating a tungsten oxide solid state sensor used to sense levels of 
hydrogen sulfide within the gas liberated in the evolution chamber 1. This apparatus includes the evolution 
chamber 1 with the gas washing bottle 3, the inert gas inlet 15, the flow meter 4, sensor manifold 2 and a 
power supply 413 along with other features similar to those depicted in Figure 1 oriented in a gas flow 
network. The features of the embodiment depicted in Figure 4 are identical to those of the embodiment 
adjusted in Figure 1 , with the exception of the modifications described infra. Although the system is used 
when the acidic solution contains iodide therein, such as hydroiodic acid, or when the test sample contains 
traces of iodide, the operation of the system is similar to the operation of the system depicted in Figure 1 
and discussed supra. 

Solid state sensors using tungsten oxide films are known in the art. Examples may be found in U.S. 
patents 4,197,089 (Willis) and 4,822,465 (Jones), and British published application 2,137,356 (Bird) which 
are incorporated herein by reference. A method for forming a tungsten oxide film on an electrode is 
disclosed in U.S. patent 5,034,246 (Mance) which is also incorporated herein by reference. 

A solid state sensor having tungsten oxide coated electrodes prepared using a specific precursor 
compound preferred for use in the present invention, is described in the continuation-in-part of co-pending 
U.S. patent application 07/677,729 entitled "Hydrogen Sulfide Gas Sensor and Precursor Compound for 
Manufacture of Same" by Royster et al. 

In brief, the preferred precursors are compounds of formulas I, II and III 

Na 2 [OW (OOCR) 2 ] 3 I 
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W [OOCCH (CH 2 ) B CH 3 ] 2 II 
CH,CH, 



10 



CI0 3 W 3 (OOCR)2 III 

wherein R is as defined earlier. 
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The tungsten carboxylates may be synthesized according to the following reactions: 

1 - 2 OWCl 4 + 8 NaOOCR + RCOOH 

I 

Na[OW(OOCR) 2 ]2 3 + 5 R^CR 2 ? + 5 C0 2 T + 

I 4H 2 T + 7 NaCl + lHClt 

2 - w (CO) 6 + 2RCOOH -» W(RCOO) 2 + H,T + 6 Cot 

XI 



3'OWCl, +11 RCOOH 

' I . ■ ■ 

CI 0,W 3 (OOCR)] 2 + 9 R'-C^-R 2 ? + 9 C0 2 T + 

111 9/2 H,T + 11 HClT 



mJTfS^t^Z^^'^ ^ aPPrOPriate or ara, k y, residues that would 

with^Tc^ - -PS of reacflng an a, ka ,i me ta, 

with a solution containing tungsten oTvchbrSTnTn I r8aCtn9 th8 "It solution 

reaction mixture; ref^ng ^«u^^ 

suitab.e organic acids ^^^TT' T*™ and " thiUm - PartiCU,ar, y 

200 • C or at 200 - cTr thncl L^ Ppr ° pr * c ^ rbo ^ ac.d at reflux, for acids with boiling points below 

- is <=E ~ r» rr ~ — :ir-r™ yi 
- Ssr ^ nr: rrrxr °r~ - - - 
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EXAMPLE 1 ' 

Formula I, R = 1-ethytpentyl Working in a conventional dry box, 3.43 g (10.0 mmol) of tungsten (VI) 
oxychloride was placed in a 200 ml Schlenk flask. Toluene (65 mL) was syringed onto the sample. Freshly 
cut sodium (0.949 g, 41 .3 mmol) was placed into a 250 mL 2-neck flask. The 2-neck flask was connected to 
the Schlenk flask by a bent elbow. The second neck of the 2-neck flask was stoppered using a rubber 
septum. Outside of the dry box, 45 mL of 2-ethylhexanoic acid was syringed onto the sodium and the 
mixture was heated below the boiling temperature of 113° C until the sodium had completely reacted. The 
adapter to the Schlenk flask was purged with nitrogen gas before opening the system to a connected 
bubbler. The 2-ethylhexanoic acid-salt solution was added to the tungsten (IV) oxychloride solution while 
stirring at room temperature. Under a purge of nitrogen gas, a condenser was connected to the Schlenk 
flask. The reaction mixture was refluxed using an oil bath heated at 125* C. After 16 hours, the solution was 
cooled to room temperature under a purge of nitrogen. The toluene was removed by vacuum distillation. To 
remove the excess 2-ethylhexanoic acid, a dynamic vacuum was used while heating at 110° C with an oil 
bath. The glassy blue product was extracted from the sodium chloride in the refluxed mixture with pentane. 

EXAMPLE 2 

Formula II R = 1-ethylpentyl Working outside of the dry box, 4.04 g (11.4 mmol) of W(CO)+ was 
weighed and placed into a 240 mL Schlenk flask fabricated for refluxing reaction mixtures. Using a syringe, 
80 mL (0.5 mol) of 2-ethylhexanoic acid (EHA) was added to the flask. After connecting a condenser that 
was attached to a nitrogen line, the reaction flask was heated using an oil bath. The temperature of the oil 
bath reached 195* - 200* C. Maintaining the temperature the solution was heated until w(CO) 6 no longer 
sublimed up on the walls of the flask (4 days). A dark green solution was observed. Periodically the W(CO) G 
was washed down from the walls by agitating the solution. Before the heat was removed, the valve on the 
Schlenk flask was closed to prevent air from going into the flask. Working in a dry box, the solution was 
filtered through a 0.45 micron cellulose acetate filter The filtered solution was transferred to a 200 mL 
round bottom single- neck flask which was connected to a 250 mL Schlenk flask using a bent elbow. The 
excess EHA was removed by heating the dark green solution with a 130* C oil bath. A dark green material 
with a thick oil consistency was obtained. The infrared spectrum of the material was consistent with product 
of Formula II where R is 1-ethylpentyl (carbonyl at 1680 cm -1 ). 

EXAMPLE 3 

Formula III, R = 1-ethylpentyl Working in the dry box 4.13 g (12.1 mmol) of OW CU was weighed into 
a Schlenk flask that was fabricated for refluxing reaction mixtures. Then, 60 mL (0.375 mol) of 2- 
ethylhexanoic acid was added to the reaction flask. Working outside of the dry box, the nitrogen purged 
condenser was attached to the reaction (the valve was still closed at this point). After heating the reaction 
flask in a 100° C bath for five minutes, the valve was opened. The condenser was connected to a bubbler 
and the oil bath was heated to 160* C. The reaction mixture turned deep blue/purple. It was maintained at 
160° C for 24 hours. Before the heat was removed, the valve on the reaction flask was closed to prevent 
exposure to air. The reaction flask was taken into the dry box and the solution was filtered through a 0.45u 
cellulose nitrate filter. Using pentane, the remaining material was rinsed out of the flask. A dark blue solid 
was collected on the filter medium. The filtered solution was transferred to a 250 mL one neck flask. The 
pentane was removed in vacuo and the excess acid was distilled off at 120 • C under vacuum. 

The material was placed in a 250 mL one neck flask. The flask was connected to a fine porosity frit and 
a-25Q-ml^Sehlenk-flask^About-1-00-mL-of-diethyJ-etfaer_was_d^ in vacuo. The ether- 

soluble portion of the material was extracted into the 250 mL Schlenk flask. The dark blue solid product 
(Formula III R = ethytpentyl) was isolated by removal of the ether in vacuo. 

The tungsten carboxylates provide an improved film coating of tungsten oxide on the electrodes used in 
hydrogen sulfide gas sensors. The film of the tungsten carboxylate precursor is applied or deposited on the 
electrodes, preferably arranged in an interdigitated configuration, by a known solution casting technique. 
This is possible because the carboxylates are soluble in the solvents used in solution casting techniques 
and have the necessary rheology and surface wetting properties. The resulting thin films from II and III 
decompose to tungsten oxide when heated to above approximately 350" C by conventional curing 
methods; the films from I decompose to sodium tungsten oxide. 

A general procedure for coating a substrate is provided by the following example: 

Working in the dry box, 50 uL of a toluene solution containing 17 mg of the precursor compound was 
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A m thod I of determining an amount of sulfide in a sample comprising- 
d.ssolvmg said sampl in an acidic solution (101); 
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liberating hydrogen sulfide from said solution; 

exposing an electrochemical sensor (300) to said hydrogen sulfide liberated from said solution; and 
quantifying a change in a physical property of said sensor (300). 

A method of determining an amount of sulfide in a sample comprising: 
dissolving said sample in an acidic solution (101); 
liberating hydrogen sulfide from said solution; 

exposing a metal oxide solid state sensor (19) to said hydrogen sulfide liberated from said solution; 
quantifying a change in a physical property of said sensor (19). 



70 



A method of measuring the amount of sulfide in a sample comprising: 
dissolving the sample in an acidic solution (101); 

liberating gas which evolves from the solution containing the dissolved sample; 
exposing the liberated gas to a tungsten oxide sensor (405,421) capable of generating a signal 
75 when exposed to hydrogen sulfide gas; and 

measuring a signal from said sensor (405,421) indicative of the level of hydrogen sulfide. 

4. A method of measuring the amount of sulfide in a sample according to claim 14 wherein said sensor 
(405,421) comprises a plurality of electrodes (329) coated by: 

20 dissolving a compound chosen from the group consisting of: 

W[OOCCH(CH 2 ) 3 CH 3 ] 2 
25 CH 2 CH 3 

and CI0 3 W 5 (OOCR)2 wherein R is alkyl, alkenyl or aralkyi from 2 to 19 carbons, in a solvent to form a 
precursor solution; 

30 depositing the precursor solution on an electrode (329) using a spin-coating device to form a thin 

film coating over the electrode; and 

heating the coated electrode so that the coating decomposes to tungsten oxide. 

5. A method of measuring the amount of sulfide in a sample according to claim 14 wherein the electrodes 
35 (329) are coated by: 

dissolving a compound according to the formula: 

Na[OW(OOCR)] 2 

wherein R is alkyl, alkenyl or aralkyi from 2 to 19 carbons, in a solvent to form a precursor solution; 
depositing the precursor solution on an electrode (329) using a spin-coating device to form a thin 
film coating over the electrode; and 

heating the coated electrode so that the coating decomposes to sodium tungsten oxide. 

45 6. An apparatus for measuring sulfide in a sample comprising: 

(a) a vessel 1 containing an aqueous solution of a mineral acid (101); 
(b) an ftiftrtrnchemic al sensor (300) for measuring gaseous hydrogen sulfide; 

(c) a gas-carrying tube (8) connecting said vessel above the surface of said aqueous solution to saici 
electrochemical sensor (300); and 

(d) means for sparging an inert gas through said aqueous solution in said vessel 1 and into said 
electrochemical sensor (300). 

7. An apparatus for measuring sulfide in a sample comprising: 

(a) a vessel 1 containing an aqueous solution of a mineral acid (101); 

(b) a metal oxide solid state sensor (19) for measuring gaseous hydrogen sulfide; 

(c) a gas-carrying tube (8) connecting said vessel 1 above the surface of said aqueous solution to 
said metal oxide sensor (19); and 
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